The present double-blind crossover study examines the effects of cerebellar transcranial direct current stimulation (tDCS) in controls and in an analogue population to psychosis: individuals reporting elevated symptoms of nonclinical psychosis (NCP). A total of 18 controls and 24 NCP individuals were randomized into conditions consisting of 25 minutes of anodal (active) or sham cerebellar tDCS. Following this, both groups completed a pursuit rotor task designed to measure procedural learning performance. Participants then returned 1-week later and received the corresponding condition (either active or sham) and repeated the pursuit rotor task. Results indicate that in the sham condition, control participants showed significantly greater rates of motor learning when compared with the NCP group. In the active condition, the NCP group exhibited significant improvements in the rate of motor learning and performed at a level that was comparable to controls; these data support the link between cerebellar dysfunction and motor learning. Taken together, tDCS may be a promising treatment mechanism for patient populations and a useful experimental approach in elucidating our understanding of psychosis.
Introduction
The cerebellum is a brain region involved in both motor and cognitive function. The cerebellum has been implicated in procedural learning processes, which is the development of skill through routine practice. Accumulating evidence suggests that procedural learning deficits are present along the psychosis continuum. [1] [2] [3] [4] [5] Influential theories such as cognitive dysmetria suggest that the cerebellum helps to coordinate and time movement with thought and deficits in cerebellar function may impact several cognitive domains; it is unclear what types of interventions may help to enhance cerebellar function. 6 Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that has shown promise in improving symptomatology and cognition in patients with schizophrenia. [7] [8] [9] [10] [11] [12] [13] [14] [15] Much of the current work has focused on applying tDCS to cortical regions such as the dorsal lateral prefrontal cortex (DLPFC); however, no study to date has applied cerebellar tDCS to this group for improving procedural learning. The current study is a double-blind randomized investigation, and anodal (active) cerebellar tDCS is administered to an analogue population to psychosis, consisting of participants endorsing high levels of nonclinical psychosis (NCP; ie, non-help-seeking participants reporting infrequent symptoms along the lower end of the psychosis continuum). 16 Findings may contribute to our understandings of tDCS as a possible treatment modality and psychosis spectrum disorders more broadly.
In contrast to declarative learning, which is the rote learning of factual information and is inclusive of episodic memory content, procedural learning occurs with routine practice and becomes more automatic the more the procedure is engaged (eg, riding a bike). 17 Procedural learning involves both intact motor abilities and cognition, and deficits in these processes have been related to frontal-striatal dysfunction. 18, 19 The real world implications of impairments in procedural learning are vast in that they can contribute to difficulties in completing everyday routine tasks, and ultimately may impact social and occupational functioning. Cross-sectional studies suggest that procedural learning is slower in samples of NCP individuals and those at clinical high-risk for psychosis. 1, 4, 5 Furthermore, procedural learning may be impacted by poor sleep habits and is related to physical abnormalities suggestive of impacted brain development prior to the onset of psychosis. 1, 4, 5 There is evidence to suggest that there may be an etiological role of the cerebellum in the psychosis continuum. There is work highlighting links between cerebellar deficits and impairments in both symptoms and cognition in at risk groups 1, 20, 21 as well as individuals experiencing psychosis. 6, 22, 23 Many studies involving cerebellar damage and lesions have provided foundations for our understanding of the cerebellum and the pathogenesis of psychosis. [24] [25] [26] [27] For example, Bielawski and Bondurant 28 conducted a case report about a 56-year-old man that had a bilateral cerebellar stroke. As a result, this man experienced persistent persecutory delusions, hallucinations, cognitive deficits, and low affect suggesting that the cerebellum may be linked with psychosis symptoms and there may be impairments in relevant cerebrocerebllar pathways. There is also evidence in the earlier stages of the psychosis continuum. For example, Jukuri and colleagues 29 investigated functional resting state magnetic resonance imaging (MRI) patterns in individuals at familial high risk for psychosis and found that this group had increased activity in the anterior lobe of the right cerebellum compared to controls and associated this with increased vulnerability to psychosis. There have also been studies identifying cerebellar deficits in individuals at clinical high risk for developing psychosis such as deficits in procedural learning linked to cerebellar volume. 1, 21, 30 Taken together, cerebellar deficits are exhibited in several stages along the psychosis spectrum and studying cerebellar function along the psychosis continuum may be an informative pathway to understanding the developments of psychotic disorders such as schizophrenia.
Although processes within the prefrontal cortex may drive much of cognition, the cerebellum has also been suggested to be involved in cognitive processes such as procedural learning. 31 The cerebellum modulates a number of cognitive processes and motor functions such as coordination and the timing of movement and thought. 6, 22 Procedural learning relies heavily on cerebellar function as exemplified by studies investigating cerebellar lesions and damage. 24, 25 Furthermore, smaller volume of motor and cognitive areas of the cerebellum is related to poorer rate of learning on the pursuit rotor task in a clinical high-risk population. 1 Given the literature linking the cerebellum with procedural learning, the cerebellum may be a useful target for stimulation.
To date, there has been increasing interest in treatments such as tDCS for enhancing cerebellar function. 10, [32] [33] [34] For example, in a study conducted by Demirtas-Tatlidede and colleagues, 35 individuals diagnosed with schizophrenia underwent 8 sessions of intermittent theta burst stimulation (TBS) to the cerebellar vermis (involved in emotion and affect), which is a relatively new refractory transcranial magnetic stimulation (rTMS) technique that modulates neuronal activity for a shorter period of time but longer effects may be observed compared to traditional TMS approaches. Findings from this study suggest improvements in negative and depressive symptoms a well as working memory. 35 It is perhaps surprising, however, there have been no studies along the psychosis continuum (ie, in schizophrenia, other spectrum disorders, or continuum populations) that have examined the impacts of cerebellar tDCS on procedural learning. This technique has several advantages in that it is easy to administer, affordable, has minimal side effects, and overall is noninvasive. This procedure works by releasing a weak electrical current to the brain surface, which facilitates cortical excitability. 36 There have been some studies investigating the impact of tDCS on both behavioral symptoms and cognitive function among schizophrenia populations. [7] [8] [9] [10] [11] [12] [13] [14] [15] However, while these studies provide a useful foundation, this work is still limited in that relatively small sample sizes are used, and some of these studies do not have sham conditions to rule out placebo effects and they lack control groups.
There are promising results for tDCS studies that indicate reductions in positive symptoms such as auditory hallucinations. 8, 12, 37 For example, in a highly influential study, Brunelin and colleagues 38 were the first group to investigate tDCS and auditory hallucinations among a sample of schizophrenia patients and with a control group and found that cathodal stimulation over the left temporo-parietal cortex and anodal stimulation over the left dorsolateral prefrontal cortex resulted in reductions in auditory verbal hallucinations and negative symptoms. Similarly, there is research investigating tDCS and cognition, and findings point to improvements in functions such as working memory and social cognition in psychosis. 10, [13] [14] [15] 39 For example, Rassovsky and colleagues 13 employed stimulation over the DLPFC and observed improvements on facial emotion identification following anodal stimulation.
In the current study, we implemented a double-blind randomized investigation to examine whether cerebellar tDCS can improve the rate of procedural learning performance in NCP. Studying this group is important because this population can serve as a safe analogue for informing psychosis broadly; this group tends to share similar vulnerabilities with other groups on the psychosis continuum, including deficits in procedural learning. 4, 5, 40, 41 Furthermore, this population tends to be free of confounds such as antipsychotic medications and substance abuse that can convolute research designs and findings. 42, 43 Control and NCP individuals were randomized into anodal (active) cerebellar tDCS or sham conditions and following 25 minutes of active/ sham stimulation, both groups completed a pursuit rotor task. Given the literature suggesting impairments in procedural learning in schizophrenia, 2, 3, 44 and NCP populations, 5 we predicted that (1) following the sham condition, the NCP group would exhibit a slower rate of learning compared to controls and (2) following the active stimulation, the performance of the NCP group would normalize similar to the control group performance.
Materials and Method

Participants
A total of 42 young adults (18 controls and 24 NCP), aged 18-22 (mean = 19.05, SD = 0.99) were recruited at Northwestern University's Adolescent Development and Preventive Treatment (ADAPT) research program. All participants were in the Northwestern University Psychology recruitment pool. The research pool (n = 841) was administered the Community Assessment of Psychic Experiences 45 (CAPE) positive symptom dimension, a questionnaire focusing on symptoms of NCP. The option to participate in the study was made available to those scoring in the top and bottom 15 th percentile on the CAPE (control mean = 3.89, SD = 3.77; NCP mean = 21.50, SD = 8.12). A within subjects design was used for the tDCS portion of the study. There were 2 randomized sessions: one with active cerebellar tDCS and one with sham. The University Institutional Review Board approved the protocol and informed consent. All individuals received informed consent and were consented into the study prior to participation. See table 1 for demographic characteristics of the sample. See supplementary material for additional details.
Clinical Symptoms
As noted, the CAPE 45 inventory was used to measure the frequency of NCP symptoms on a 4-item likert scale including "Never," "Sometimes," "Often," and "Nearly Always." The positive symptom section of the CAPE contains 20 items and is one of the most widely used, reliable, and well-validated instruments for examining NCP. 46, 47 Trained raters (graduate students and professional research assistants) administered the SCID 48 B module after reaching reliability (κ > .80). The Beck Depression Inventory-II (BDI-II) 50 and the Beck Anxiety Inventory, 51 both 21-item self-report questionnaires, were used to assess depressive or anxious symptoms, respectively. See supplementary material for more information.
Cerebellar Transcranial Direct Current Stimulation
Stimulation was delivered using a battery-driven NeuroConn DC-stimulator Plus (NeuroConn GmbH) with 5 × 7 cm conductive-rubber electrodes placed on the scalp, over the cerebellum (1-2 cm below the inion and on the midline of the scalp) and the cathode was placed over the right arm deltoid muscle. This is a reliable montage used in past research. 33, 36 Stimulation was administered for 25 minutes (ramp-up/ramp-down: 5 s) with a current intensity of 2 mA (maximum current density: 0.057 mA/ cm 2 , total charge of 0.0512 C/cm 2 ). In the sham condition, all settings were identical to the active conditions except the stimulation duration (ramp-up: 5 s; stimulation: 30 s; ramp-down: 5 s). 52 See supplementary material for more information.
Stimulation Design
Participants were randomly assigned to receive active cerebellar tDCS and sham in a counterbalanced order on separate laboratory visits, 1-week apart. We used Neuroconn's built-in study-mode software, which allows for double-blind stimulation by entering a 5-digit code linked to either active or sham stimulation. Study-mode software comes with a list of 5-digit codes for active or sham stimulation. The 5-digit codes for active and sham stimulation were assigned a code of 0 and 1 respectively. A random list of 0s and 1s was created using the randomization tools at random.org. A blinded code list was used during experiment sessions and a separate investigator who did not interact with participants controlled the blinded code list. All participants received both active and sham stimulation.
Procedural Learning
After 25 minutes of cerebellar tDCS (active or sham), participants completed a pursuit rotor task in order to examine motor and cognitive function. We used a computerized version of the pursuit rotor task 53, 54 taken from the PEBL task battery freely available online (http://pebl.sourceforge.net/ battery.html), where participants were instructed to follow a moving target around a circular track with a mouse held in their right hand. Subjects were given 4 blocks with 3 trials each, and blocks were separated by 15 minutes. Procedural learning was computed by calculating the mean of the 3 trials during each block, to yield a single index of performance for each block. The study focused on percentage of time on target at each block, and changes across the 4-block period (45 min), as an index of procedural learning. Rate of learning, also described as the change in learning across the 4 blocks, was calculated by subtracting the average percent time on target from the 3 trials in block 1 from the percent time on target from the 3 trials in block 4. See supplementary material for more information.
Statistical Approach
SPSS Statistics 23 was used to conduct behavioral analyses. Demographic characteristics were evaluated using independent t tests and Chi-square tests. We first investigated the effects of group (control vs NCP) and brain stimulation (active vs sham) on pursuit rotor performance across the 4 blocks in a 2 × 2 × 4 mixed model analysis of variance (ANOVA). Post-hoc tests were employed to further understand interactions within each group and condition. In addition, analyses were conducted to examine the effects of group (control vs NCP) on rate of learning in each brain stimulation condition (rate of learning in sham vs rate of learning in active) in a 2 × 2 mixed model ANOVA and post hoc tests were conducted to compare performance across conditions in each individual group.
Results
Demographics
There were no significant differences in demographic characteristics between the controls and NCP groups including age, t(40) = 1.72 P = .10, gender, χ 2 (1) = .032, P = .86 or parental education, t(40) = 1.90, P = .07. There were also no significant group differences in reported depressive symptoms, t(36) = −0.58, P = .57 and anxious symptoms t(40) = −0.06, P = .95. As expected, the NCP group reported significantly more NCP symptoms, t(40) = −9.36, P ≤ .001, d = 2.78 when compared with controls (see table 1 for means and SDs). A total of 6 participants reported occasional drug use (4 individuals reported cannabis use and 2 individuals did not indicate which drug type). There were no discontinuations of tDCS. During the debriefing session, a total of 50% of participants reported experiencing tingling and 19% reported feeling an itching sensation during stimulation. In our examination of blinding, blinding was effective for both sham and active conditions and following each visit, both groups guessed the correct condition at rates below chance.
Transcranial Direct Current Stimulation and Procedural Learning Performance
There was a significant 3-way interaction, F (3, 234) = 4.31, P = .006, partial ƞ 2 = .05, indicating there was a significant interaction between condition (sham vs active), group (control vs NCP), and pursuit rotor performance (blocks 1-4). To unpack this interaction, we examined the relationship between tDCS condition on pursuit rotor performance separately for controls and NCP individuals. In the control group, there was no block by stimulation interaction, F (3,99) = 1.48, P = .225, ƞ 2 = .04. This suggests that the control group performed similarly regardless of whether they received active or sham stimulation. For the NCP group, there was a significant interaction, F (3,135) = 3.91, P = .010, partial ƞ 2 = .08 indicating that the active stimulation did impact performance on the pursuit rotor task. Within the NCP group, descriptively speaking, the rate of learning was higher in the active stimulation condition than in the sham condition (figure 1).
To further understand differences between the groups and tDCS conditions, the interaction between block and group was investigated within the sham and active stimulation conditions separately. In the sham condition, there was a significant interaction between time and group, F (3, 114) = 3.43, P = .019, ƞ 2 = .08. These data indicate the control group performed better on the pursuit rotor task than the NCP group after the sham tDCS condition. After receiving active stimulation, the NCP group performed closer to the level of the control group on the pursuit rotor task as evidenced by the lack of a significant interaction between time and group within the stimulation condition, F (3,120) = 1.51, P = .215, ƞ 2 = .04 ( figure 2) .
In further analyses, we were interested in looking at the interactions between group and rate of learning, an index of procedural learning in each condition. We observed a significant interaction between group (control vs NCP), and condition (rate of learning in sham vs rate of learning in active), F (1,39) = 4.53, P = .04, ƞ 2 = .10. To unpack this interaction, we examined differences in the rate of learning between sham and active conditions within each group. We found that there were no significant differences between conditions in rate of learning within the control group, t(17) = 0.92, P = .37. However, in the NCP group, there were significant differences between the sham and active condition in rate of learning in that there was significantly greater rate of learning in the active condition compared to the sham condition, t(22) = −2.11, P = .046, driving the interaction.
Discussion
The present study is the first to evaluate the efficacy of cerebellar tDCS in a psychosis spectrum population. Consistent with our predictions, the NCP group exhibited a slower rate of procedural learning when compared with controls. This is relevant as motor learning is a foundational cognitive function underlying a host of integral activities, and related deficits may contribute to significant disability in patients with psychosis. Given this issue, it is highly noteworthy that present findings indicate that procedural learning deficits may be remediated by cerebellar tDCS. Taken together, findings suggest that this method may be an important tool for further improving our understanding of psychosis as well as for designing targeted treatments. However, replication in patient groups and experiments including multiple sessions of active cerebellar tDCS will be necessary before we make definitive conclusions about the efficacy of cerebellar stimulation for procedural learning in psychosis.
In the sham condition (ie, akin to placebo, where functionally meaningful active stimulation is not applied to the cerebellum), NCP individuals exhibited deficits in time on target across each of the 4 blocks, as well as a slower rate procedural learning. These findings are consistent with the broader literature suggesting that motor learning deficits are present in psychosis risk groups 1, 4 and that cerebellar deficits may be present even in the lowest levels of the psychosis vulnerability spectrum. 5, 49 Cerebellar tDCS, as reflected in the current findings, may have important clinical implications given the improvements observed in procedural learning performance after receiving active stimulation. Specifically, we found that in the condition in which there was no prolonged stimulation, the NCP group performed significantly worse on the pursuit rotor task compared to controls. However, after active stimulation, participants performed at a similar level compared to controls. These findings suggest that tDCS may have benefits for psychosis populations. These data are positive findings and lay the groundwork for future work in this domain. While the results of this study are encouraging, it is important to consider that more broadly, tDCS as a treatment modality still remains controversial. Much of the work to date has stemmed from case reports and a few randomized control trials. Overall, tDCS seems to be improving cognition as identified by some groups 10, 13, 14, 39 ; however, not all studies have shown these results. For example, Vercammen and colleagues 47 in a sample of 21 patients with schizophrenia, implemented both anodal stimulation and sham conditions in a randomized order. This group found improvements in probabilistic association learning after tDCS only in a subgroup of schizophrenia patients. Further, another study utilized daily stimulation and placed the anode over the prefrontal cortex and the cathode over the temporoparietal junction in 24 patients with schizophrenia and compared this bimodal approach to sham stimulation. 32 In this study, there were no improvements in hallucinations or negative symptoms. These data are critical because they show that while tDCS is innovative and offers an important perspective, there still is work that is needed in order to understand aspects of this intervention such as electrode montages (ie, where to place the electrodes), sham conditions, number of sessions (ie, daily, weekly) and dosage.
Findings that anodal cerebellar tDCS did not impact the control group are important to consider. This result is inconsistent with findings from a study conducted by Ferrucci and colleagues, 33 which observed improvements in a serial reaction time task (SRTT) in 21 healthy volunteers following cerebellar tDCS. The differences between studies may be attributed to procedural learning task. Specifically, it is possible that the pursuit rotor task (used presently) may have a lower performance ceiling (ie, in this case, the controls became so proficient with keeping the task on target, that there was no further room for improvement). In contrast, the SRTT may be more challenging for controls, allowing for greater room to change. Both in the sham and active stimulation conditions, the control group performed about the same, and it could be that there was not enough room to improve (ie, performance at 35%-40% of time on target may be the ceiling of what normative samples can reach at this speed, with this amount of practice); this is supported by performance of controls in distinct samples, 4, 5 while the NCP group performed significantly worse in the sham condition and had more room to change following active stimulation. Furthermore, it is also possible that the control group may have not improved on the pursuit rotor task because, along with experiencing ceiling effects, did not respond to cerebellar tDCS because there is no cerebellar dysfunction present. Future work is needed to compare clinical populations with control groups in order to better understand these relationships. Additionally, future studies should incorporate other procedural learning paradigms.
Abnormalities in the cerebello-thalamo-cortical circuit (CTCC) have been implicated in psychosis. 6, 22, 55 Disruptions in this circuitry may produce cognitive dysmetria, which is the disconnect between the timing of movement and thought and may lead to "poor mental coordination." 55 Deficits in this circuitry may be observed even prior to the onset of psychosis. For example, Bernard and colleagues 56 found that abnormalities in this network may be predictive of positive symptoms in individuals at ultra-high risk for developing psychosis. 54 Dysfunctions in this network could contribute to a broader array of types of symptoms including cognitive deficits and even the etiology of psychosis. 55 Enhancing cerebellar function by using tDCS may also be improving the dynamic communication between the CTCC. Remediating cerebellar function may contribute to feedback and feed-forward processes. 57, 58 Feedback control processes compare sensory errors with predicted movement in order to adjust the movement. Feed-forward control processes updates internal models so that the timing of the movement is appropriate and efficient. Similarly, the cerebellum consists of inhibitory purkinje cells and excitatory granule cells that may be relevant and implicated when implementing cerebellar tDCS. 6, 55 Taken together, while there are important theories that may be relevant to the mechanism of change through cerebellar tDCS, studies could benefit from continuing to tease apart the neurobehavioral impacts this technique may have.
There are several strengths and limitations to the current study. First, the NCP population is a readily accessible and convenient sample to examine proof of concept. Second, we recruited a total of 24 NCP individuals to the study, which is consistent with other tDCS studies in schizophrenia populations. 8, 10, 30, 39 Third, our study design offers the ability to limit potential biases in our data collection (eg, double-blind and randomized). Fourth, we used a sham condition, which is a critical aspect of the current study design given that many studies in the tDCS and schizophrenia literature have not used control conditions, which without, adds the complication of results being driven by possible placebo effects. 37 However, the findings of this study could be strengthened with the use of a larger sample of participants at different stages of illness with varying types of symptom expression and other cognitive measures to understand clinical and cognitive characteristics of samples that receive tDCS. Medication use and genetic risk is also important to investigate in terms of tDCS and procedural learning performance.
Also, in the present study, our sample sizes were unequal due to participants not attending sessions and future work should try to recruit more equal samples. We did not assess whether participants were naïve to tDCS and it will be important to implement questions to assess for this component in the future.
Future studies should incorporate additional tasks to assess procedural learning and investigate the impacts of various numbers of pursuit rotor trials as some work have implemented shorter intervals 59 and the amount of time in between for rest. Additionally, in the future, it will be important to investigate the impacts of multiple sessions of tDCS, duration of lasting effects, placements (in the present study, we placed the cathode on the right arm, and participants completed the pursuit rotor task with their right hand after, which may be a confounding variable), sizes of electrodes, parameters, and the amount of stimulation as the current literature is still understanding what is considered gold standard and most effective. Finally, there may be utility in applying tDCS to other patient groups (ie, attenuated positive symptom or genetic risk inclusion) and using other cerebellar tasks. In conclusion, the present study introduced a novel treatment and experimental approach by using tDCS to improve procedural learning. Not only does the current study provide implications for future clinical intervention, but it also highlights that studying NCP individuals can be useful in understanding prevention of and intervention for psychotic disorders.
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